The infection control of implants is one of the hot issues in the field of medicine and dentistry. In this study, we prepared gold nanorod-sputtered titania nanotubes on titanium surface, which is the main component of implant material, and aimed to estimate the remote-controlled tetracycline release and resulting antibacterial effects of gold nanorod-sputtered titania nanotubes using near-infrared laser irradiation. Gold nanorods prepared by ion plasma sputtering (aspect ratio = 1:3) showed optical properties like those of chemically synthesized gold nanorods, exhibiting photothermal effects in the near-infrared region, as demonstrated using field-emission scanning electron microscopy, transmission electron microscopy, and diffuse ultraviolet-visible-near-infrared spectrophotometry. In addition, a 2 wt% tetracycline/polycaprolactone mixture was found to be the most suitable experimental group to demonstrate the biological compatibilities and antibacterial activities. The results of antibacterial agar diffusion tests and near-infraredmediated tetracycline release tests in vivo confirmed that remote-controlled tetracycline elution using near-infrared laser irradiation was highly effective. Therefore, gold nanorod-sputtered titania nanotubes would be expected to enable the continued use of the photothermal therapy of gold nanorods and extend the limited use of titania showing photocatalytic activity only within the ultraviolet-to-near-infrared region.
Introduction
Bacterial infection is a frequent cause of peri-implantitis in the dental field and can cause a continuous inflammatory reaction that destroys the bonding of the implant and the bone. 1 Although sterilization methods, such as antimicrobial drugs, laser irradiation, and ozone treatment, are used to prevent bacterial infection, it is difficult to remove bacteria present in dental plaque, which acts as a strong protective layer, after implantation. 2 Recently, various studies have attempted to prevent plaque generation by coating the implant surface with a biodegradable polymer material containing an antibiotic. 3 Many studies have evaluated remote-controlled drug elution by near-infrared (NIR) laser irradiation, but most of the studies are related to the development of nanocarriers including drugs for tumor therapy. [4] [5] [6] [7] Gold nanorods (GNRs) have a surface plasmon resonance (SPR) band in the NIR region that is converted into heat via the photothermal effect. 8 SPR causes resonance of an electromagnetic wave with a specific wavelength depending on the shape, size, and type of metal and strongly absorbs the wavelength through collective oscillation of conduction electrons on the metal surface. With such strong absorption, GNRs can be applied for photothermal therapy, which uses heat generation. 9 By exploiting the properties of GNRs, selective drug elution may be possible using NIR laser remote control in the clinical setting. [10] [11] [12] However, few studies have evaluated this potential application of GNRs owing to difficulties in GNR mass production, the lack of studies related to implant surface applications, and expensive production costs. Although it is easy to synthesize small amounts of GNRs by seed-mediated techniques based on chloroauric acid (HAuCl 4 ), it is difficult to prepare large amounts of GNRs by chemical synthesis, as required to produce GNR-coated titanium implants. As reported in our previous study, 13 GNR (12. 23 ± 0.73 wt%)-grafted titania (TiO 2 ) nanotubes were prepared by thiolactic acid surface treatment. However, it was impossible to coat more than 13 wt% GNRs to the surface of TiO 2 nanotubes based on thiolactic acid surface treatment. Thus, novel implant surface coating technologies using GNRs are needed to overcome this drawback of the conventional methods for synthesizing GNRs and coating GNRs to TiO 2 nanotubes.
Therefore, in this study, we attempted to deposit GNRs on TiO 2 nanotubes by ion plasma sputtering to maximize the photothermal effects of GNRs by NIR laser irradiation. TiO 2 nanotubes are known to show superhydrophilicity, thereby accelerating initial cell attachment, proliferation, and osseointegration; [14] [15] [16] [17] and thus the combination of GNRs and TiO 2 nanotube is expected to be applicable for surface treatment of dental implants. The aims of this study were to prepare GNR-sputtered TiO 2 nanotubes (designated GNRs-TiO 2 nanotubes), characterize the surface properties of GNRs-TiO 2 nanotubes, and evaluate NIR laser-mediated drug release and antibacterial activity of tetracycline (TC)/polycaprolactone (PCL)-coated GNRs-TiO 2 nanotubes.
Materials and methods

Preparation of GNRs-TiO 2 nanotubes
As reported previously, 18 a commercial pure titanium sheet (250 µm thick, 5 × 5 cm 2 , 99.5%; Hyundai Titanium Co., South Korea) was cleaned with ethyl alcohol (99.5%, Sigma, USA) and double-distilled water. TiO 2 nanotubes measuring 100 nm in diameter were anodized in 0.5 w/v% hydrofluoric acid (48 w/v%; Merck, USA) aqueous solution at 20 V for 30 min. A platinum electrode (99.99%, DSM Co., South Korea) served as the counterpart. The anodized TiO 2 nanotubes were then rinsed with doubledistilled water, dried at 60°C overnight, and heat-treated at 400°C for 3 h (in air, heating and cooling rates = 1°C/min) to prepare crystallized TiO 2 nanotubes.
GNRs-TiO 2 nanotubes were prepared using direct current (DC) plasma sputter (Cressington 108; Cressington Scientific Instruments, UK). Gold sputtering was performed at the applied voltage of 10 mA under vacuum conditions of less than 0.1 mbar for 1, 3, 5, and 7 min to determine the optimal conditions showing maximum light observance in the NIR region (800-850 nm). Uncoated TiO 2 nanotubes were used as a control.
Surface characterization
Analyses of the morphology, elemental composition, and optical properties of GNRs-TiO 2 nanotubes were performed using field-emission scanning electron microscopy (FE-SEM; S4800S; Hitachi & Horiba Co., Japan), transmission electron microscopy (TEM; JEM-2100F; JEOL, Japan), energy-dispersive X-ray spectroscopy (EDX; Oxford Instruments Analytical 7582, UK), and diffuse reflectance ultraviolet-visible (UV-Vis) spectrophotometry (SolidSpec-3700; Shimadzu Scientific Co., Japan). Analysis of changes in the surface chemical composition was performed using X-ray photoelectron spectroscopy (XPS; K-alpha; Thermo, UK) equipped with a monochromatic A1 Kα source. The carbon, oxygen, gold, and titanium contents on the surface were measured to evaluate changes in surface chemistry before and after gold plasma coating. Survey scan spectra were obtained at a pass energy of 100 eV (step size: 1 eV), and detailed scan spectra were obtained at a pass energy of 50 eV (step size: 0. 1 eV). The photoelectron binding energy was calibrated to the C1s (284.8 eV) peak.
Coating of GNRs-TiO 2 nanotubes with the PCL/ TC mixture
A mixture of TC (Sigma) dissolved in dimethyl sulfoxide and PCL (Sigma) dissolved in tetrahydrofuran (Sigma) was stirred for 6 h. The concentrations of TC used in this study were 2, 4, and 5 wt%, and the concentration of PCL was 2 wt%. An amount of 100 µL of the mixed solution was coated onto the GNRs-TiO 2 nanotubes via an electrospinning device (ESR200R2; NanoNC, Korea). The rate of electrospinning was 20 μL/min.
Cell proliferation and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cytotoxicity test
Fluorescein diacetate (FDA; Sigma) staining was performed to count viable human mesenchymal stem cells (hMSCs; Lonza, USA) adhered to the experimental specimen to estimate the degree of cell adhesion at the beginning of the incubation period. At 24 and 48 h after plating, hMSCs on the experimental specimens were rinsed with phosphate-buffered saline (PBS; Invitrogen, USA) and incubated with an FDA working solution (50 μg FDA dissolved in 10 mL PBS) for 30 s. FDA-stained specimens were washed twice with PBS, and the washed specimens were viewed under an inverted fluorescence microscope (CKX41; Olympus Co., Japan). FDA-stained viable cells were counted in four areas for each specimen.
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cytotoxicity tests were conducted to investigate the cytotoxicity of TC/PCL-coated GNRs-TiO 2 nanotubes with various concentrations of TC. The experimental specimens were washed with PBS and transferred to a new 12-well plate. Next, 1 mL MTT dye (Sigma) was added to each well. After 3 h of incubation in a 5% CO 2 incubator, 1 mL isopropanol was added to each well and the 12-well plate was then shaken for 30 min. The absorbance of each solution was measured at 570 nm with a microplate enzyme-linked immunosorbent assay reader (SpectraMax 250; Thermo Electron Co., USA). Data analysis for MTT assays was conducted using ISO 10993-5, Annex C. 19 If the cell viability was less than 70% of the blank, the specimen was considered to have cytotoxic potential.
Antibacterial agar diffusion test
Antibacterial agar diffusion test was conducted by modifying our previous experimental protocol. 13 Streptococcus mutans (ATCC 25176; ATCC, USA) was incubated in brain heart infusion broth (BHIB; Difco Co., USA) to test the antibacterial agar diffusion of TC/PCL-coated GNRsTiO 2 nanotubes. When the bacteria had high confluence, 100 μL of the incubated solution was diluted to 10,000 CFU/ mL and mixed with the agar medium. S. mutans-containing medium was seeded onto 100-mm tissue culture dishes and incubated at 37°C for 24 h to solidify the agar medium and form S. mutans colonies. Experimental specimens (1 × 1 cm 2 ) were placed onto the S. mutans-incubated agar medium, and NIR laser irradiation (power: 200 mW, wavelength: 830 nm; RaeHwa, Korea) was conducted for 1 min. After NIR laser irradiation, the specimen was removed from the bacteria-incubated agar medium to exclude the unwanted amounts of TC released from the specimen during the test, and the agar medium was stored at 37°C for 24 h. S. mutans-incubated agar medium without NIR laser irradiation was used as a control. After a second incubation period of 24 h, the zone diameters of S. mutans colonies were measured three times per specimen to minimize measurement error.
NIR laser-mediated TC release in vivo
NIR laser-mediated TC release in vivo was analyzed with the approval of the Wonkwang University Institutional Animal Care and Use Committee (WKU16-89). In this study, 4-week-old male Institute of Cancer Research (ICR) mice (body weight: 23-25 g; Damool Science, Korea) were used. For intraperitoneal insertion, a 1-cm incision in the abdominal cavity was made using scissors, and the endothelial space was secured. TC/PCL-coated GNRsTiO 2 nanotubes were inserted into the abdominal cavity of the mouse. Next, NIR laser irradiation was conducted for 1 min. After 30 min of NIR laser irradiation, the mice were sacrificed and blood was collected. The supernatant (blood plasma) was collected from the blood samples by centrifugation (5000 r/min, 10 min) and stored at −80°C until subsequent analysis. Quantitative analysis of TC in mouse blood plasma was then performed by liquid chromatography-tandem mass spectrometry (LC-MS/MS; triple quadrupole tandem mass spectrometer; Agilent 6410 Triple Quadrupole; Agilent, USA). Four different concentrations of TC samples (1, 10, 100, and 1000 ng/mL) were also measured to quantify the released amount of TC from the mouse blood.
Data analysis
All data were expressed as means ± standard deviations. The data for MTT cytotoxicity tests and viable cell counts were analyzed statistically by one-way analysis of variance (SPSS 23.0; IBM SPSS, USA) and post hoc Duncan's multiple range tests. The data for antibacterial agar diffusion tests and NIR laser-mediated TC release in vivo were analyzed by paired t tests. Differences were considered significant if the P values were less than 0.05. Figure 1 shows a schematic diagram of the preparation of the TC/PCL-coated GNRs-TiO 2 nanotube drug release system. Figure 2 shows the FE-SEM images of GNRsTiO 2 nanotubes with 1, 3, and 5 min of gold sputtering. Based on 50 gold nanoparticle measurements from the vertical view of Figure 2(d) , the short axis, long axis, and aspect ratio of gold nanoparticles deposited onto TiO 2 nanotubes were 33.99 ± 3.75 nm, 100.40 ± 11.74 nm, and 2.96 ± 0.14, respectively. Thus, most of the deposited gold nanoparticles were vertically aligned on the top layer of TiO 2 nanotubes in the form of nanorods as the gold sputtering time increased. Figure 3 shows the TEM images and EDX analysis of the vertically sectioned GNRs-TiO 2 nanotubes (after 5 min of gold coating). In Figure 3(a) , gold was detected in the whole area of TiO 2 nanotubes, and most gold nanoparticles were observed in the uppermost layer of TiO 2 nanotubes. In addition, 5.03 wt% gold was detected in the mapped area of the TEM images based on EDX analysis. Figure 4 shows the diffuse ultraviolet-visible-near-infrared (UV-Vis-NIR) spectra of GNRs-TiO 2 nanotubes with various gold sputtering periods. The electron absorption spectra of all GNRs-TiO 2 nanotubes showed four peaks at the wavelength (350-400 m, 400-450 nm, 500-600 nm, and 800-850 nm). Among four peaks, two absorption peaks at wavelengths of 500-600 nm and above 800 nm are the main peaks resulting from photothermal scattering of the short and long axes of deposited gold nanoparticles, respectively. 20 From the results of diffusive UV-Vis-NIR spectrophotometry, 5 min of gold sputtering was selected to perform on-off drug release and remote-controlled antimicrobial activity using an 830-nm NIR laser. Figure 5 shows the XPS spectra of GNRs-TiO 2 nanotubes with various gold sputtering periods. As the gold coating time increased, the main peaks of Ti 2p and O 1s were shifted to lower binding energies. Compared with pure TiO 2 nanotubes, the Ti peaks of GNRs-TiO 2 nanotubes showed a small shift to lower binding energy, suggesting the reduction of titanium species by increased deposition of gold. In addition, the O 1s peak showed a shift to lower binding energy (530.9 eV → 529.0 eV) with gold embedment. These peaks are related to oxygen in the lattice and O 2 − ions. 21 Figure 6 shows the FDA-stained images and viable cell numbers of hMSCs cultured on TC/PCL-coated GNRsTiO 2 nanotubes with the TC concentrations of 2, 4, and 5 wt%. From the results of viable cell numbers, there were no significant differences between the experimental groups after 24 h of incubation. After 48 h of incubation, the number of hMSCs cultured on 2 wt% TC/PCL-coated GNRsTiO 2 nanotubes was significantly higher than that on 4 and 5 wt% TC/PCL-coated GNRs-TiO 2 nanotubes (P < 0.05). Figure 7 shows the results of MTT cytotoxicity tests of hMSCs after 24 and 48 h of incubation. There were no significant differences between the experimental groups after 24 h of incubation. After 48 h of hMSC incubation, the viability of cells grown with 2 wt% TC/PCL-coated GNRsTiO 2 nanotubes (70.74% ± 8.55%) was significantly higher than that of cells grown with 4 wt% (46.51% ± 3.65%) and 5 wt% (46.29% ± 10.53%) TC/PCL-coated GNRs-TiO 2 nanotubes (P < 0.05). In addition, the viability of cells grown with 2 wt% TC/PCL-coated GNRs-TiO 2 nanotubes was above 70% of the control (blank), implying that the nanotubes did not show cytotoxicity at a TC/PCL concentration of 2 wt%. 19 Figure 8 presents the zone index results of antibacterial agar diffusion tests with 2 wt% TC/PCL-coated GNRs-TiO 2 nanotubes after 1 min of NIR laser irradiation. The zone index of S. mutans grown with 2 wt% TC/PCL-coated GNRs-TiO 2 nanotubes following NIR laser irradiation for 1 min (16.25 ± 1.39 cm) was significantly higher than that of colonies grown with nanotubes without NIR laser irradiation (11.37 ± 0.52 cm; P < 0.05).
Results
Finally, Figure 9 illustrates the LC-MS/MS results of mouse blood plasma following the injection of mice with 2 wt% TC/PCL-coated GNRs-TiO 2 nanotubes with or without NIR laser irradiation. The released amount of TC from 2 wt% TC/PCL-coated GNRs-TiO 2 nanotubes with NIR laser irradiation for 1 min (159.19 ± 25.16 ng/mL) was significantly higher than that of the nanotubes without NIR laser irradiation (100.50 ± 9.12 ng/mL; P < 0.05).
Discussion
The production of GNRs capable of selective drug elution by NIR laser irradiation was performed by sputtering in this study. Based on the FE-SEM and TEM observations, the gold nanoparticles were deposited on the top surface rather than the inner surface of the TiO 2 nanotubes and changed into the shape of nanorods as the deposition time of gold nanoparticles increased. In addition, the aspect ratio of the deposited GNRs reached a maximum of 1:3 after 5 min of deposition. Notably, the shape of the deposited nanoparticles was altered because of the directionality of the deposition of the nanoparticles during sputtering compared with chemical coating of pre-synthesized gold nanoparticles. 22, 23 Moreover, most of the GNRs were observed in the uppermost layer of TiO 2 nanotubes, which could lead to more effective induction of the photothermal effect by NIR laser irradiation, unlike our previous experiments in which GNRs were evenly distributed throughout the nanotubes. 13 Also, the amount of Au deposited onto the surface of TiO 2 nanotubes was 36.50 ± 1.31 wt% as measured by EDX analysis (data not shown), which is approximately three times higher than that of Au coated onto the surface of TiO 2 nanotubes in our previous study. 13 From the four peaks of diffuse UV-Vis-NIR spectra of GNRs-TiO 2 nanotubes with various gold sputtering periods shown in Figure 4 , adsorption in the ultraviolet (UV) region (<400 nm) corresponds to electrons transitioning from the valence band to the conduction band of TiO 2 . 24, 25 The absorbance peak at around 425 nm was supposed to be the localized surface plasmon resonance (LSPR) effect of GNRs-TiO 2 nanotubes, because Au nanoparticles deposited on TiO 2 nanotubes serve as a stepping stone to electron transition from the valence to the conduction band of TiO 2 and extend the photocatalytic effect to the visible light region. 26, 27 Two absorption peaks at the wavelengths of 500-600 nm and above 800 nm are the main peaks resulting from photothermal scattering of the short and long axes of the deposited gold nanoparticles, respectively. 20 The existence of gold nanoparticles in the form of nanorods was again identified by the results of diffuse UV-Vis-NIR spectrophotometry, showing strong absorption peaks at around 530 nm and above 800 nm. These two main peaks related to GNRs were already reported by other researchers in previous studies, [28] [29] [30] demonstrating that rod-shaped gold nanoparticles showed two surface plasmon bands composed of transverse and longitudinal plasmon bands. The transverse plasmon band was also shown to shift to a lower wavelength, and the longitudinal plasmon band moved to a higher wavelength as the aspect ratio of gold nanoparticles increased. 31 Therefore, the maximum absorption wavelength shifted to a longer wavelength as the size of gold nanoparticles increased. In this experiment, gold sputtering for 5 min was selected for further analysis to maximize the photothermal effects of gold nanoparticles in the NIR region.
From the results of XPS spectra of GNRs-TiO 2 nanotubes with various gold sputtering periods, the main peaks of Ti 2p and O 1s were shifted to lower binding energies as the gold coating time increased. The shift of Ti peaks is related to the reduction of titanium species by increased deposition of gold. Also, the shift of O peaks is related to the oxygen in the lattice and O 2 − ions. 21 Thus, the shift of these major peaks to lower binding energy with gold embedment suggested increased defective or incomplete Ti-O binding with increased gold addition. 32 In terms of NIR laser device used in this experiment, low-level 830-nm NIR laser is well known to be widely used for low-level laser therapy (LLLT) in medical use (e.g., the release of skeletal muscle fatigue, 33 the treatment of chronic neck pain, 34 tissue repair, 35 and bone repair 36 ). Thus, 830-nm NIR laser was expected to show multifunctional effects with osseointegration and antibacterial activity. Also, we prepared TC/PCL mixture to control the release of TC and store TC effectively in an aqueous solution for a long time. FDA staining, MTT cytotoxicity tests, and antibacterial agar diffusion tests were performed to determine the appropriate concentration of TC for inducing antimicrobial effects and maintaining biocompatibility. From the results of these tests, the 2 wt% TC/PCL experimental group was found to show only biocompatibility among all the experimental groups according to the requirement of ISO 10993-5. In addition, the results of LC-MS/MS measurement showed that the photothermal effects of GNRs deposited on the TiO 2 nanotubes could be used to detect the dissolution behaviors of antimicrobial drugs within 30 min in vivo following 1 min of NIR laser irradiation. Within the limitation of this study, GNR-sputtered TiO 2 nanotubes are expected to be a feasible new technology for the surface treatment of titanium-based implants.
Conclusion
From the results of this study, we found that GNR deposition on TiO 2 nanotubes can be performed successfully using a simple sputtering technique. Moreover, we confirmed that the TC/PCL mixture stored in GNRs-TiO 2 nanotubes was released effectively by NIR laser irradiation due to the photothermal effects of GNRs. Therefore, we concluded that GNRs-TiO 2 nanotubes prepared using sputtering could extend the limited use of TiO 2 nanotubes from the UV to the NIR region, thereby facilitating the development of novel surface treatments in the field of implants.
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